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Introduction
Globally, nematodes are ubiquitous, very abundant and highly diverse in aquatic ecosystems (Platt and Warwick, 1980; Heip et al., 1985; Lambshead and Boucher, 2003) . As their free-living forms contribute significantly to the diet of many animals (Gee, 1989; Coull, 1990 ) and facilitate mineralization of organic material (Coull, 1999; Riera and Hubas, 2003) , they are functionally important components of the faunas in coastal and estuarine environments (Platt and Warwick, 1980; Coull, 1999) . The density, diversity and species composition of freeliving nematodes in estuaries have been shown to be related to the salinity regime and the characteristics of the sediment (e.g. Warwick, 1971; Austen and Warwick, 1989; Hodda, 1990; Soetaert et al., 1995; Ferrero et al., 2008; Hourston et al., 2009 ) and/or anthropogenic influences, such as those produced by pollutants (e.g. Austen et al., 1994; Kennedy and Jacoby, 1997 Schratzberger et al., 2002) The number of species and diversity of the faunas in estuaries in the Northern Hemisphere are frequently reported to be less than in comparable habitats in nearshore coastal waters (Day et al, 1989; Boucher and Lambshead, 1995; McLusky and Elliott, 2004) . This is presumably due to fewer species being able to tolerate the highly variable salinities found in estuaries than the essentially constant salinity and less physically challenging marine environment. In contrast, those species that are able to tolerate estuarine conditions tend to be very abundant as they are able to capitalise on the abundant food resources in that most productive of aquatic ecosystems (Schleske and Odum, 1961) . The densities of the nematode fauna were found by Ferrero et al (2008) , however, to be greater at a "fully marine" site at the mouth of the Thames Estuary than at sites within this system. It is thus important that the locations of the marine sampling sites relative to the estuary are taken into account when comparing the characteristics of the faunas of these two environments.
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The Remane curve, which was developed from studies in the Baltic Sea and has often been used as the classical "model" for describing trends in the number of species in estuaries,
shows their values declining from freshwater to a minimum in salinities of 5 to 8 and then rising progressively to high levels in marine conditions (Remane and Schlieper, 1971) . A second model, developed by Attrill (2002) , strongly indicated that the macrofauna and meiofauna of the intertidal region of the Thames Estuary was influenced to a greater degree by variation in salinity than by absolute salinity.
The coastal waters of the lower west coast of Australia are microtidal, having a mean tidal range of only 0.6 m (Hamilton et al., 2001 ) and its inshore waters are variably protected from oceanic swell by a band of offshore limestone reefs (Masselink and Pattiaratchi, 2001; Valesini et al., 2003) . The large permanently-open estuaries along this temperate coast, such as the Swan River Estuary, typically comprise three distinct regions, i.e. a short and narrow entrance channel, a wide basin or basins and the downstream reaches of the tributary rivers (Potter et al., 1990; Hodgkin and Hesp, 1998) . As their narrow entrance channels result in attenuation of the already small tidal fluctuation, these estuaries contain little to no intertidal areas.
The very limited tidal action in south-western Australian estuaries also means that the salinity at any point in those systems undergoes little or no change during a tidal cycle, which contrasts markedly with the situation in temperate macrotidal estuaries of the northern hemisphere (Hamilton et al., 2001) . Furthermore, salinities in the entrance channel and downstream basin areas of south-western Australian estuaries remain at or close to that of sea water, except during winter and early spring when they decline as a result of heavy rainfall (Gentilli, 1971) . The salinity regime in the lower estuary can therefore be regarded, in some respects, as intermediate between that in the upstream region of the estuary and marine waters. It is thus relevant that the species composition of the nematode fauna in the entrance channel and
downstream basin of the Swan River Estuary differ from those further upstream, where salinity declines to far lower levels and varies more markedly during the year (Hourston et al., 2009 ).
The trophic structure of nematode assemblages in estuaries and coastal waters differs among sites in relation to the types and amount of food available (Moens et al., 1999; Adão et al., 2009; Hourston et al., 2005; . Furthermore, as the morphology of the buccal cavity of the species of free living nematodes varies according to the types of food they ingest, they can reliably be assigned to one of four functional feeding groups (Wieser, 1953; Moens and Vincx, 1997 ).
The present study compares the characteristics of the nematode faunas in the subtidal sediments of nearshore shallow waters in the Swan River Estuary with those at comparable sites along the nearby microtidal coast, but not directly outside the estuary mouth. The data were used to test the following hypotheses: i) the number of species and diversity of nematodes are less in the estuary than in nearby coastal marine waters, whereas the reverse is true for their densities; ii) the species compositions of the nematode assemblages in the estuary differ from those in the marine environment, and iii) the species composition of the nematofauna in the downstream area of the estuary is intermediate between that of the marine area and that of the upstream estuarine area. These spatial comparisons are extended to determine whether differences at the species level are also reflected at higher taxonomic levels, i.e. genus and family. Finally, the trophic compositions of the nematode faunas in the upstream and downstream estuarine areas and coastal marine waters are compared to determine the extent to which they parallel the trends exhibited by taxonomic composition.
Materials and Methods
The data used for this paper were collected during studies of the nematode faunas in subtidal sediments at sites throughout the Swan River Estuary (Hourston et al., 2009 ) and along the south-western Australian coast (Hourston et al., 2005) . The full details of the sampling M A N U S C R I P T
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6 regimes and methodology used in those studies are provided in the above two papers. In brief, the nematode faunas in nearshore, subtidal marine sediments (waters <2 m deep) were sampled at three sites located 5, 25 and 35 km from the mouth of the Swan River Estuary (Fig. 1) , while those in the estuary were sampled at 12 sites throughout the length of this system, six of which were in its upstream area (sites 7-12) and six in its downstream area (sites 1-6). Nematodes were extracted from the sediments and prepared for examination and identified as described in Hourston et al. (2005 Hourston et al. ( , 2009 . The abundance of each nematode species in each sample was converted to a density, i.e. numbers 10 cm -2 . Each species was assigned to one of the four functional feeding groups, designated by Wieser (1953) on the basis of its buccal cavity morphology. These groups are selective deposit feeders (species with a narrow tubular buccal cavity), non-selective deposit feeders (species with a large but unarmed buccal cavity), epigrowth/diatom grazers (species with a buccal cavity armed with small or moderate sized teeth) and predators (species with large teeth or jaws).
Data on the salinity, water temperature, dissolved oxygen concentration and grain size and All data analyses were conducted using the PRIMER v6 statistical package (Clarke and Gorley, 2006) with the PERMANOVA add-on module (Anderson et al., 2008) . Separate
Euclidian distance matrices were constructed from the number of species (species richness),
Simpson's diversity index (1-λ) and density of nematodes derived from the data for each replicate sample. Each matrix was subjected to three-way Permutational Multivariate Analysis of Variance (PERMANOVA) comprising the following main effects and their associated interactions; area (fixed), site nested within area (random) and season (fixed). As the nematofaunas of the coastal and two estuarine areas were known to differ among sites and seasons (Hourston et al., 2005 (Hourston et al., , 2009 ), these analyses focused mainly on exploring the influence of area. Site and season were both included in these analyses to (i) determine the relative importance of area by assessing the magnitude of its component of variation relative to those of the other factors and (ii) achieve the most appropriate unit of replication to assess differences among the three areas.
Prior to undertaking PERMANOVA, the data for the number of species, diversity and density of nematodes were each examined to ascertain the type of transformation required (if any) to meet the test assumption of constant variance among groups. This was achieved for each of those variables by determining the slope of the linear relationship between the log 10 of the mean and the log 10 of the standard deviation for the various groups of replicate samples (Clarke and Warwick, 2001 ). The results of this procedure showed that the number of species and diversity did not require transformation, whereas density required a log 10 transformation. The null
hypothesis (H 0 ) that significant differences did not exist among a priori groups was rejected if the significance level (P) was < 0.05.
A Bray-Curtis similarity matrix, constructed from the log 10 transformed densities of the various nematode species in each replicate sample, was also subjected to the same PERMANOVA design as described above to determine whether the compositions of the assemblages in the three areas were significantly different. As this test demonstrated that the compositions differed significantly among areas, sites and seasons, another Bray-Curtis similarity matrix was then constructed from the mean densities of each species at each site in each season to test more appropriately for differences among areas. This matrix was then subjected to a two-way crossed area x season Analysis of Similarities (ANOSIM) test to ascertain the extent of any differences between the species compositions in each pair of areas. A complimentary two-way crossed SIMPER analysis was then employed to identify which taxa were most responsible for distinguishing between the assemblages in each pair of areas. Note that the seasonal component was included in the above ANOSIM and SIMPER procedures only to remove any confounding influence of that variable on area. Non-metric Multidimensional Scaling (nMDS) ordination, employing the second of the Bray-Curtis similarity matrices, was used to illustrate the extent of any nematofaunal differences between the three areas. The above multivariate analyses, conducted at the species level, were then repeated using data aggregated to genus and family level and also for the functional feeding groups (FFGs).
Results
Contributions of the various species
A total of 119 nematode species was found in the sediment samples collected throughout the Swan River Estuary and the marine sites along the local coast. Fifty of the nematode species (76%) found in marine sediments were not recorded in estuarine sediments and 44 of the species (70%) recorded in the estuary were not found in marine sediments. Although the number of
samples collected from the marine environment was a quarter of that obtained from the estuary, they yielded a greater total number of species, i.e. 75 vs 62, and the overall value for Simpson's diversity index (1-λ), derived using the total number of species and total number of individuals, was marginally greater for marine waters (0.96) than the estuary (0.95). In addition, six species were required to contribute 50% to the total number of individuals in marine waters, whereas this was achieved with only four species in the estuary.
The contribution made by the five most abundant species was far less in marine waters (48%) than in both the downstream (63%) and upstream areas (66%) areas of the estuary (Table   1 ). Mesacathion sp. was the only species that was abundant in the marine environment and also recorded in the estuary and, even then, it was found only in its downstream area. Furthermore, none of the five most abundant species in either estuarine area was among the top five species in the other estuarine area. Only 11 species were recorded in all three areas and only eight contributed more than 1% to the total number of individuals in any one area (Table 1) .
The overall mean density of nematodes in marine sediments was less than a tenth of that in the downstream area of the estuary and about a quarter of that in the upstream estuarine area (Table 1) . The most abundant species in each area, i.e. those contributing > 10% to its total number of individuals, were Paracomesoma sipho and Daptonema sp. 1 in marine waters, Spirinia parasitifera, Dichromadora sp. 2 and Theristus sp. 2 in the downstream estuarine area, and Theristus sp. 1 in the upstream estuarine area (Table 1 ).
[INSERT 
Number of species, diversity, densities and assemblage composition
The number of species, diversity and density of nematodes each varied significantly among areas and sites within areas and also with season for density ( Table 2 ). All interactions were significant except for area x season for diversity. The component of variation (CoV) attributable to area was far greater than that for either of the other two main effects or any M A N U S C R I P T
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10 interaction in the case of number of species and density and, to a lesser degree, also diversity. In each season, the mean number of species and density were both lowest in the marine area and greatest in the downstream area of the estuary (Fig. 2) . The trends were very similar for the mean value for the Simpson diversity index, except that the value in winter was slightly greater for the upstream than downstream area of the estuary.
The species composition of the nematode assemblages differed significantly among areas, sites within areas, seasons and all interactions between these main effects (Table 3) . However, as
with the univariate measures of number of species, diversity and density, area explained the majority of the variation among samples, accounting for more than twice that of the next most important term (site within area).
Two-way crossed ANOSIM demonstrated that differences in the nematode composition in the marine vs the downstream and upstream estuarine areas (pairwise Rs = 0.936 and 0.943, respectively; P=0.001) were greater than that between the two estuarine areas, which was, however, still very substantial, i.e. 0.744 (P= 0.001). These trends are illustrated on the nMDS ordination plot shown in Fig. 3a , with the group of samples from the upstream area of the estuary lying just above the group from the downstream area, both of which lie well to the right of all samples from the marine area (Fig. 3a) . Moreover, the samples from each of the two estuarine areas formed much tighter groups than those from the marine area.
Two-way crossed SIMPER analysis demonstrated that the pronounced differences between the nematode compositions in the three areas were driven mainly by the consistent and high densities of certain species in the estuarine areas that were absent in the marine area. The most important of these were Spirinia parasitifera, Theristus sp. When the nematofaunal data were aggregated to genus and family levels, PERMANOVA demonstrated that, as at the species level, all main effects and their interactions were significant (P = 0.001-0.002), and that by far the greatest amount of variation was attributable to area, followed by site within area (Table 3) . Moreover, two-way crossed ANOSIM also showed that the differences between the compositions of the assemblages in marine waters and those in the downstream and upstream estuarine areas, at both the generic (R = 0.892 and 0.907, respectively) and family levels (R = 0.841 and 0.767, respectively), were greater than those between the two estuarine areas (genus R = 0.771; family R = 0.733, respectively). These last values were, however, still high.
[ INSERT TABLE 3] nMDS ordination plots, using the nematofaunal data for species, genus and family, reflected the above trends exhibited by the ANOSIM results in that the extent of the distinction between samples from the marine and both estuarine areas decreased with increasing taxonomic level (Figs 3a,b,c) . However, the samples from the marine environment only overlapped those from the estuarine areas at the family level, and even then it was marginal. It was noteworthy that the samples from the two estuarine areas remained discrete even at the family level (Fig. 3c ).
[ INSERT FIGURE 3] At the genus level, the area component of the two-way crossed SIMPER analysis The points on the nMDS ordination plot constructed from the FFG data used above are distributed in a similar manner to those on the plot derived from the family composition data (c.f.
Figs 3d and 3c). Thus, on the basis of FFGs, the samples from the marine area spread across the plot towards those for the two estuarine areas, with three of those samples, all from the most protected marine site, intermingling with those from the downstream area of the estuary. The samples from the upstream and downstream estuarine areas showed only moderate overlap (Fig.   3d ).
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To ascertain which of the marine sites was most similar to the two areas in the estuary in terms of nematode composition, each of the three marine sites were coded separately on the nMDS ordination plots for the three taxonomic levels. The samples from each of those sites formed discrete groups, at particularly the genus level. At this level, the samples from the three marine sites and two estuarine areas formed a horseshoe configuration, extending in sequence from those at the most exposed marine site at the top, downwards through the moderately sheltered and then highly sheltered marine sites and then towards those for the downstream and finally upstream estuarine areas (Fig. 4) .
[INSERT FIGURE 4]
Discussion
Comparisons of species richness, diversity and densities of nematode assemblages
Our study confirmed the hypothesis that the overall number of species of free-living nematodes in the subtidal sediments of the permanently-open and microtidal Swan River Estuary is less than in comparable marine habitats along the lower west coast of Australia into which this large estuary discharges. Thus, even though the number of samples collected from the estuarine environment was four times that in marine waters, they yielded nearly 20% fewer species.
Furthermore, overall diversity was marginally greater in marine waters than the estuary, even though again it was based on far fewer samples. The fewer number of species in the estuary was also accompanied by a greater dominance of the most abundant species.
The lower overall species richness and diversity in the Swan River Estuary than in local marine environments parallels the generalisations made for various faunas in estuaries and local coastal waters throughout the world (Day et al, 1989; Boucher and Lambshead, 1995; McLusky and Elliott, 2004) . In the case of the microtidal Swan River Estuary, the nematofaunal differences from the marine environment presumably reflect, in part, the restricted number of species that are able to tolerate marked variations in salinity even though, in the lower estuary,
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
14 these occur only during winter and early spring. In the context of salinity, it is relevant that the total number of nematode species recorded was far lower in the upstream estuarine area (38), where salinity varies greatly, than in the downstream area (58), where salinities are far less variable and approximate that of full-strength seawater for much of the year, essentially parallels the trends for the meiofauna (or nematode) and macrofauna for the assemblages in the Thames Estuary (Attrill, 2002; Ferrero et al., 2008) .
The above trends regarding overall species richness and diversity in the Swan River Estuary vs local marine waters was not followed, however, when comparisons were made using the mean values derived from cores, with species richness and diversity in those cases being far greater in the Swan River estuary. These differences are due to a combination of a greater homogeneity in species composition and higher nematode densities in the replicate cores taken from the estuarine than marine waters. The importance of taking scale into account when comparing values for species richness/diversity and how the trend can reverse when moving from a large (regional) scale to a smaller (i.e. samples within a habitat), i.e. from γ to α diversity measures (Gray, 2001) , has been emphasised by Lambshead and Boucher (2003) .
The mean overall densities of nematodes in cores from the upstream and downstream estuarine areas of the Swan river Estuary were about four and ten times greater, respectively, than in marine waters. These results thus confirm our hypothesis that the densities of nematodes in subtidal sediments are far greater in the estuary than in marine waters along the neighbouring coast, presumably reflecting the greater productivity of the estuarine environment. The presence of conspicuously lower overall densities of nematodes in the upper than lower estuary is probably related to the fact that, although some species are obviously well adapted to the reduced and variable salinities in the upper estuary, their number is more restricted.
In contrast to the results of our study, Ferrero et al. (2008) recorded greater densities of nematodes at their marine site than their estuarine sites. This difference is almost certainly M A N U S C R I P T
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15 attributable, however, to differences between the location of the marine site relative to the estuary mouth. Thus, whereas our marine site was not located close to the estuary (Fig. 1) , the single marine site sampled by Ferrero et al. (2008) lay at the mouth of the macrotidal Thames Estuary, where nematodes would directly benefit from the enrichment brought about by the discharge of nutrients from that productive system.
Comparisons between species compositions in estuarine and marine areas
The very marked differences between the species compositions of the nematofaunas in marine waters and the two estuarine areas is particularly well illustrated by the fact that only two of the ten most abundant species in marine waters (Mesacanthion sp. nov. and Neochromadora sp. 1) were recorded in either of the two estuarine areas and, even then, they were present in only low numbers. Furthermore, of the next ten most abundant species in the marine environment, only Metalinhomeous sp. and Bathylaimus australis were found in the estuary. These two species were present however, in such high densities in the upstream estuarine area that they ranked second and third, respectively, in terms of abundance in that area.
Although the distribution of samples on the ordination plots in Fig. 3 show that the extent of the differences between the compositions of the nematofauna in the marine and two estuarine areas declined with increasing taxonomic level, the distinction still largely remained even at the family level. Moreover, irrespective of whether the nMDS ordination plots were derived from data for species, genus or family, the samples of the nematode assemblages in the marine area were far more widely dispersed than those for the two estuarine areas. The greater heterogeneity in the species compositions of the marine than estuarine samples is due largely to a combination of a greater overall number of species and a lower overall density in the former environment.
An earlier study by Hourston et al. (2009) showed that the compositions of the nematode assemblages at sites throughout the Swan River Estuary were closely correlated with salinity and, to a lesser extent, grain-size composition and amount of particulate organic material (%POM) in M A N U S C R I P T
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16 the sediment. While species composition changed progressively along the length of the estuary, the change was particularly pronounced between its downstream and upstream areas, i.e. at the point where salinities started to decline markedly and become more variable and where %POM increased markedly. This point of change occurs at the narrow junction between the two large central basins (Fig. 1) .
The extent of the marked shift in the compositions of the nematode fauna between the downstream and upstream areas of the estuary is emphasised by the R-statistic value being as high as 0.744 for comparisons of these two areas. It is also well illustrated by the observation that none of the five most abundant species in either area attained such a high ranking in the other area ( Table 1 ). The retention of the differences between the compositions of the faunas in downstream and upstream areas at the genus and even family levels further emphasises that the faunas in those two estuarine areas are fundamentally different.
It is important to note that, when PERMANOVA analyses and nMDS ordinations were repeated at the species, genus and family levels using standardised data, i.e. percentage contribution by numbers of each species to each sample (data not shown), they yielded very similar results to those reported for unstandardised data. These findings demonstrate that, when employing unstandardised data, the differences between the compositions of the nematofaunas in the three areas are not simply a product of the large differences in nematode densities.
A combination of lower and more variable salinities presumably accounts for at least some of the differences between the compositions of the nematofaunas in the two estuarine areas.
Although the salinity regime in the downstream estuarine area was similar to that in the marine area for much of the year and thus, in a way, is intermediate between that of the upstream and marine areas, the compositions of the nematofauna were not likewise intermediate and thus our third hypothesis in the introduction was not supported. Thus, the variability in salinities in the downstream estuarine area in winter probably contributes to the marked differences between the M A N U S C R I P T
17 compositions of the nematofauna in that area and marine waters. It is of note, however, that at the genus level, the composition of the nematodes at the most sheltered of the three marine sites bears a closer resemblance to that of the downstream estuarine area than to those at either the moderately or fully exposed marine sites. The indications that exposure to wave activity influences nematofaunal composition are supported by the fact that the difference among the species composition at the three marine sites was greatest in the case of the most vs least exposed sites (Hourston et al., 2005) . Moreover, on the basis of the ordination plot derived using data at the genus level (Fig. 4) , the composition of the community changed progressively from that in the least to most protected marine sites, and then to those in the downstream and finally to the upstream area of the estuary, which is subject to limited wave action.
There is thus strong circumstantial evidence that the species compositions of nematode assemblages in south-western Australian waters are influenced by the degree of protection from wave action as well as by salinity regime. The level of exposure will influence the physical stability of the sediment, which in turn affects the depth of oxygen penetration into the sediment.
The depths of the transition zone in the sediment of the downstream area of the estuary (20 mm)
were far more similar to those at the most sheltered marine site (40 mm) than to those at the moderately protected (90 mm) and most exposed marine sites (>150 mm) (Wildsmith et al., 2005; Hourston et al., 2009) , which would help account for the species composition in the downstream area of the estuary being more similar to that of the highly sheltered marine site than to those of the other two marine sites.
Functional feeding groups
It is particularly of note that, in terms of FFGs, a marked dichotomy between the compositions in marine and estuarine waters was maintained for all samples from the moderately to most exposed marine sites vs all of those in the estuarine environment, whereas three of the four samples from the third and most sheltered marine site intermingled with those from the M A N U S C R I P T
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18 lower estuary (Fig. 3d) . The similarity in the trophic composition of the nematode assemblage in the most sheltered marine site and downstream area of the estuary is due to both assemblages containing substantial numbers of epistrate grazing nematodes. The waters in both areas are shallow and calm and thus facilitate good light penetration and the maintenance of stable sediments, which collectively promote the growth of microphytobenthos, the presumed food source of this trophic group (Fielding et al., 1988) .
In summary, our results demonstrate that the overall species richness of the nematode fauna in the sediments of a large permanently-open estuary is appreciably less than in comparable subtidal sites that are located along the adjacent coast but not directly outside the estuary mouth.
Overall diversity was also at least as high in marine waters as in the estuary. In contrast, the mean values for species richness and diversity were far greater in core samples taken from the estuary than in marine waters. Thus, hypotheses regarding differences between species richness and diversity in estuaries and coastal marine environments in our study of nematodes need to take into account whether comparisons are based on broad-scale or fine-scale sampling. The mean density of the nematofauna in cores was far greater in the estuary than coastal marine waters, presumably reflecting the greater productivity of estuarine ecosystems. Although species composition differed markedly between upstream and downstream estuarine areas, these differences were not as pronounced as that between each of those areas and marine waters. The maintenance of such differences using data for genera, and also to a certain extent for families, M A N U S C R I P T Table 2 Pseudo-F statistics, estimated components of variation (CoV) and significance levels for PERMANOVA tests for the species richness, Simpson's diversity index (1-λ) and density of nematodes in samples from nearshore marine waters and downstream and upstream areas of the Swan River Estuary during each of the four seasons. df = degrees of freedom. *** P < 0.001, ** P < 0.01, * P < 0.05, ns = not significant. Table 3 Pseudo-F statistics, estimated components of variation (CoV) and significance levels for PERMANOVA tests for the compositions of the nematode assemblages in nearshore marine waters and downstream and upstream areas of the Swan River Estuary during each of the four seasons. Tests were undertaken at the species, genus and family levels, and for the functional feeding groups (FFG). df = degrees of freedom. *** P < 0.001, ** P < 0.01, * P < 0.05, ns = not significant.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
U p s t r e a m e s t u a r i n e D o w n s t r e a m e s t u a r i n e 
